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RANDOM SELF-SIMILAR TREES AND
A HIERARCHICAL BRANCHING PROCESS

YEVGENIY KOVCHEGOV AND ILYA ZALIAPIN

ABSTRACT. We study self-similarity in random binary rooted trees. In a well-understood
case of Galton-Watson trees, a distribution on a space of trees is said to be self-similar if it
is invariant with respect to the operation of pruning, which cuts the tree leaves. This only
happens for the critical Galton-Watson tree (a constant process progeny ), which also exhibits
other special symmetries. We extend the prune-invariance setup to arbitrary binary trees
with edge lengths. In this general case the class of self-similar processes becomes much richer
and covers a variety of practically important situations. The main result is construction of
the hierarchical branching processes that satisfy various self-similarity definitions (including
mean self-similarity and self-similarity in edge-lengths) depending on the process parameters.
Taking the limit of averaged stochastic dynamics, as the number of trajectories increases, we
obtain a deterministic system of differential equations that describes the process evolution.
This system is used to establish a phase transition that separates fading and explosive
behavior of the average process progeny. We describe a class of critical Tokunaga processes
that happen at the phase transition boundary. They enjoy multiple additional symmetries
and include the celebrated critical binary Galton-Watson tree with independent exponential
edge length as a special case. Finally, we discuss a duality between trees and continuous
functions, and introduce a class of extreme-invariant processes, constructed as the Harris
paths of a self-similar hierarchical branching process, whose local minima has the same
(linearly scaled) distribution as the original process.
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1. INTRODUCTION

Nature commonly exhibits dendritic structures, both static and dynamic, that can be
represented by tree graphs [1, 27, 19]. Examples from diverse applications, together with a
review of related coalescence and branching models can be found in Aldous [1], Berestycki
2], Bertoin [3], Evans [8], Le Gall [16], and Pitman [21]. Despite their apparent diversity,
a number of rigorously studied dendritic structures possess structural self-similarity, which
often allows a low-dimensional parameterization [20, 19, 26, 11]. An illuminating example
is the combinatorial structure of river networks, which is closely approximated by a two-
parametric Tokunaga self-similar model with parameters that are independent of river’s
geographic location [25, 20, 6, 29]. Tree self-similarity has been studied primarily in terms
of the average values of selected branch statistics, and rigorous results have been obtained
only for a very special classes of Markov trees (e.g., binary Galton-Watson trees with no
edge lengths, as in [4]). At the same time, solid empirical evidence motivates a search for a
flexible class of self-similar models that would encompass a variety of observed combinatorial
and metric structures and rules of tree growth. We introduce here a general concept of self-
similarity that accounts for both combinatorial and metric tree structure (Sec. 3.5, Def. 12)
and describe a model (Sect. 5), called hierarchical branching process, that generates a broad
range of self-similar trees (Thm. 4) and includes the critical binary Galton-Watson tree
with exponential edge lengths as a special case (Thm. 8). We study time-invariant tree
distributions, which is a convenient generalization of Markov growth (Thm. 7). We also
introduce a class of critical self-similar Tokunaga processes (Sect. 5.7) that enjoy additional
symmetries — their edge lengths are i.i.d. random variables (Prop. 9), and subtrees of
large Tokunaga trees reproduce the probabilistic structure of the entire random tree space
(Props. 11). The duality between planar trees and continuous functions [9, 21, 28] allows us
using the hierarchical branching process to construct a novel class of time series that satisfy
the extreme-invariance property: the distribution of their local minima is the same as that
of the original series (Sect. 4).

The paper is organized as follows. Section 2 introduces the main definitions, including
the Horton-Strahler order of a tree, tree pruning, and a related concept of prune-invariance.
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Self-similarity for trees with edge lengths is defined in Sect. 3. The duality between trees
and continuous functions is reviewed in Sect. 4. In particular, we define here extreme-
inwvariant processes that are equivalent to self-similar trees. The main results are presented
in Sect. 5. Sect. 5.1 introduces a hierarchical branching process that generates a rich col-
lection of self-similar trees. The hydrodynamic limit for dynamics of the average numbers
of Horton-Strahler branches is established in Sect. 5.2. The properties of criticality and
time-invariance are defined in Sect. 5.3 and explored in a self-similar processes in Sect. 5.4.
Critical Galton-Watson process and critical Tokunaga processes, which generate the most
intriguing examples of self-similar trees, are discussed in Sects. 5.6, 5.7. Section 6 discusses
the combinatorial structure of the critical Tokunaga process. Section 7 concludes with two
open problems.

2. RANDOM TREES

The focus of this paper is on finite unlabeled rooted reduced planted binary trees with no
planar embedding. The space of such trees, which includes the empty tree ¢ comprised of a
single root vertex and no edges, is denoted by T .

The existence of the root vertex imposes the parent-offspring relationship between each
pair of the connected vertices in a tree T' € T the one closest to the root is called parent, and
the other — offspring. The absence of planar embedding in this context means the absence
of order between the two offspring of the same parent. A tree is called reduced if it has no
vertices of degree 2; such trees are also called full binary trees. A tree is called planted if
its root has degree 1. Accordingly, there are three types of vertices in a tree from 7 \{¢}:
internal vertices of degree 3, leaves (degree 1) and the root (degree 1). The operation of
series reduction removes each degree-two vertex of a binary tree by merging its adjacent
edges into one. Series reduction turns a rooted binary tree into a reduced rooted binary tree.
The edges of a tree from 7 may be assigned positive lengths. The space of trees from T
with edge lengths is denoted by L.

Any tree from T or £ can be embedded (and represented graphically) in a plane by
selecting an order for each pair of offspring of the same parent. The space of embedded
trees from T (and respectively £) is denoted Tpane (and respectively Lpjane). Examples of
trees from Lpane are found in the bottom row of Fig. 1. Choosing different embeddings for
the same tree T e T (or T € L) leads, in general, to different trees from Tplane (0 Lplane)-
Sometimes we focus on the combinatorial tree SHAPE(T') € T, which retains the branching
structure of T" while omitting its edge lengths and embedding.

2.1. Tree pruning and related concepts. The concept of self-similarity is related to the
pruning operation [20, 4, 11]. Pruning (aka Horton pruning) of a tree is an onto function
R :T — T, whose value R(T) for a tree T # ¢ is obtained by removing the leaves and their
parental edges from T, followed by series reduction. We also set R(¢) = ¢.

The pruning is also well defined for trees with edge lengths (L), where series reduction adds
the lengths of merging edges, and for planar trees (7plane, Lplane), Where the embedding of
the remaining part of a tree is unaffected by pruning. Pruning is illustrated in Fig. 1.

Pruning induces a contracting map on 7. The trajectory of each tree T" under R(-) is
uniquely determined and finite:

(1) T =RNT) - RYT) — - - RNT) = ¢,
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with the empty tree ¢ as the (only) fixed point. The pre-image R™(T') of any non-empty
tree T' consists of an infinite collection of trees. It is natural to think of the distance to ¢
under the pruning map and introduce the respective notion of tree order [10, 24] (see Fig. 1).

Definition 1 (Horton-Strahler order of a tree). The Horton-Strahler order k(7') € Z
of a tree T' € T is defined as the minimal number of prunings necessary to eliminate the tree:

k(T) = min {R*(T) = ¢}

The definition of order is based on the combinatorial shape of a tree. Accordingly, the order
of a tree T from either of spaces Tpiane, £, O Lpjane is that of SHAPE(T'). The definition
implies, in particular, that the order of the empty tree is k(¢) = 0, because R°(¢) = ¢. Most
of our discussion will be focused on trees with orders k > 0, and we often assume that the
empty tree ¢ has zero probability.

¢

Series reduction

Series reduction

YN

r R(T) RA(T) R(T)

F1GURE 1. Example of pruning and Horton-Strahler ordering for a tree T' €
Lolane- The figure shows the two stages of pruning operation — cutting the
leaves (top row), and consecutive series reduction (bottom row). The initial
tree T' is shown in the leftmost position of the bottom row. The gray color in
the top row depicts vertices and edges being pruned. The order of the tree is
k(T) = 3, since it is eliminated in three prunings, R*(T) = ¢.

Pruning partitions the tree space T into exhaustive and mutually exclusive set of subspaces
Hp of trees of order K > 0 such that R(Hx.1) = Hi. Here Hyo = {¢}, H;1 consists of a
single tree comprised of a root and a leaf connected by an edge, and all other subspaces Hp,
K > 2, consist of an infinite number of trees.
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Definition 2 (Horton-Strahler terminology). We introduce the following definitions
related to the Horton-Strahler order of a tree (see Fig. 2):

(1) For any non-root vertex v in T € T\{¢}, a subtree T, of T' is defined as the only
subtree in T rooted at the parental vertex p(v) of v, and comprised by v and all its
descendant vertices together with their parental edges (Fig. 2b).

(2) The Horton-Strahler order k(v) of a vertex v € T coincides with the order of the
subtree T, € T (Fig. 2a).

(3) The parental edge of a vertex has the same order as the vertex.

(4) A connected sequence of vertices of the same order together with their parental edges
is called a branch (Fig. 2a).

(5) The branch vertex closest to the root is called the initial vertex of a branch (Fig. 2a).

(6) For the initial vertex v of a branch of order K < k(T'), a subtree of T, is called a
complete subtree of order K (Fig. 2b). The single complete subtree of order k(T")
coincides with T'. (All subtrees of order k = 1 are complete.)

Remark 1. Equivalently, the Horton-Strahler ordering can be done by hierarchical counting
[5, 10, 24, 20, 19, 4]. In this approach, each leaf is assigned order k(leaf) = 1. An internal
vertex p whose children have orders ¢ and j is assigned the order

k(p) = max (i, §) + &;; = [logy (2" + 27)],

where 0;; is the Kronecker’s delta and |x| denotes the maximal integer less than or equal to
x. The Horton-Strahler order of the tree is k(T') = maxk(v), where the maximum is taken
v

over all non-root vertices of 7' € T\{¢}.

Complete sub-tree T,

Incomplete sub-tree T,

c b
Branch b of order 2 u
(consists of three vertices
and three edges) v
Initial vertex of branch b a
Root
(a) Tree terminology (b) Examples of sub-trees

FiGure 2. Illustration of the Horton-Strahler terminology (Def. 2) in a tree
T of order k(T') = 3. (a) A tree root, a branch, and an initial vertex of a
branch. The numbers indicate the Horton-Strahler orders of the vertices. In
particular, we have N; = 10, Ny = 3, N3 = 1, and N1 = 3, Ny 3 =1, Na3 = 1.
(b) Examples of a complete (7,) and incomplete (T,) subtrees. The subtree
T, is incomplete since u is not the initial vertex of a branch. The tree shown
in this panel has four complete subtrees of order k > 2: T, of order 2, T, of
order 2, T, of order 2, and T, = T of order 3.
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2.2. Labeling tree vertices. Sometimes we will need to label the vertices and edges of a
tree (e.g., for selecting a branch or vertex uniformly). The vertices of a planar tree can be
labeled by numbers 1,..., #7T (#7T denoting the total number of vertices in T') in order of
depth-first search. We also assume that label of the parental edge for each vertex is taken
from that vertex.

For a tree with no embedding, labeling is done by selecting a suitable embedding and then
using the depth-first search labeling as above. Such embedding should be properly aligned
with the pruning operation, as we describe in the following definition.

Definition 3 (Proper embedding). An embedding function EMBED : T — Tjjane (£ —
L1ane) s called proper if for any T e T (T € L)

R (EMBED(T')) = EMBED (R(T)),

where the pruning on the left-hand side is in Tpjane (Lplane) and pruning on the right-hand
side is in T (L£).

A proper embedding for a tree with no edge lengths can be done using the following
induction construction. A tree of order k = 1 assumes a unique embedding. A tree of order
k = 2 is embedded by branching all its side-branches of order 1 to the right. Assuming there
exists a proper embedding for trees of order k < K, we construct the labeling for a tree of
order K + 1. All its side-branches (of any order) branch to the right. To embed the (only)
two merging complete subtrees, 7 # 7o, of order K, we consider their farthest non-identical
pruning descendants: trees d; = R*(7;), i = 1,2 obtained by the maximal possible number k
of pruning iterations such that d; # ds. The number 0 < £ < K — 2 is well defined since all
trees of order 1, which is the unltimate pruning limit, coincide. By construction, the trees
d; differ only by the number of side-branches of order 1 attached to the tree dy = R¥*1(7;),
which already has proper embedding. Consider the numbers of order-1 side-branches within
each edge of dy, in the order of its labeling: (ngz), e ,ni)do). The tree whose sequence has
the smallest first non-coinciding number, will branch to the right.

A proper embedding for a tree T' € £ with edge length is constructed in the same fashion,
with the only correction. From the two merging complete subtrees of order K with the same
combinatorial structure, the one with the shortest root edge branches to the right. This
definition covers the situation of atomless length distribution, which is of primary interest
to us.

3. TREE SELF-SIMILARITY

This section defines self-similarity for combinatorial and metric trees. The term self-
simalarity is associated with invariance of a tree distribution with respect to the pruning
operation R introduced in Sect. 2.1. The prune-invariance alone, however, is often insuf-
ficient to generate interesting families of trees. This necessitates an additional property —
coordination of conditional measures on subspaces of trees of a given order. Coordination
together with prune-invariance constitutes the self-similarity studied in this work.

We start in Sect. 3.1 with a weak form of self-similarity that only considers the average
values of selected branch statistics; it was introduced in [11]. Section 3.3 discusses a stronger
version of self-similarity that operates with tree distributions. Self-similarity of metric trees
is presented in Sect. 3.5.
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3.1. Mean self-similarity of a combinatorial tree. Let H; < 7T be the subspace of trees
of Horton-Strahler order K > 0. Naturally, Hx (\Hx = @ it K # K', and |J Hkx = T.

K>1
Consider a set of conditional probability measures {jx}x=o each of which is defined on Hg
by ur(T) = p(T|T € Hi) and let px = u(Hg). Then p is represented as a mixture of the
conditional measures:

o0
(2) w = Z PKUEK-
K=1

We write Ex(-) for the mathematical expectation with respect to px. Let Ny = Ni[T]
denotes the number of branches of order k in a tree 7" € T (see Fig. 2a). We define the
average Horton numbers for subspace Hy as

Ni[K] =Ex(Ny), 1<k<K, K=>1.

Let N;; = N;;|[T] denote the number of instances when an order-i branch merges with an
order-j branch, 1 < i < j, in a tree T (see Fig. 2a). Such branches are referred to as
side-branches of order {i, j}. Consider the respective expectation N; ;[ K] := Ex(N; ;). The
Tokunaga coefficients T; ;[ K] for subspace Hy are defined as

Nij[K]
NilK]
The Tokunaga coefficient 7T; ;[ K] is hence reflects the average number of side-branches of
order {7, j} per branch of order j in a tree of order K.

(3) T ;[K] =

1<i<j<K.

Next, we introduce a property that ensures independence of the side-branch structure of
a tree order.

Definition 4 (Mean coordination). A set of measures {ux}r=1 on {Hx}x=1 is called
mean coordinated if T; ; := T; ;[K| for all K > 2 and 1 <4 < j < K. A measure p on 7 is
called mean coordinated if the respective conditional measures {u}, as in Eq. (2), are mean
coordinated.

For a mean coordinated measure pu, the Tokunaga matrix Ty is a K x K matrix

0 TLQ T173 . e Tl,K

0 O ngg PPN TQ,K
Te=|0 0 . - : ,

. . 0 TKfl,K

o 0 ... 0 0

which coincides with the restriction of any larger-order Tokunaga matrix T,;, M > K, to
the first K x K entries.

Definition 5 (Toeplitz property). A set of measures {{x}r=1 on {Hg}x>1 is said to
satisfy the Toeplitz property it T; ;| K| = T;_;[ K] for each K > 2 and some sequence T;[ K] >
0, k = 1,2,.... The elements of the sequences T;[K] are also referred to as Tokunaga
coefficients, which does not create confusion with 7; ;[ /]. A measure yzon 7T is said to satisfy
the Toeplitz property if the respective conditional measures {ug}, as in Eq. (2), satisfy the
Toeplitz property.
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Definition 6 (Mean self-similarity). A measure p on 7T is called mean self-similar if it
is mean coordinated and satisfies the Toeplitz property.

For a mean self-similar measure the Tokunaga matrix Tx becomes Toeplitz:

[0 Ty Ty, ... Tk

0 0 Ty ... Tk
Te=1]10 0 :

000 ... 0 0 |

Pruning R decreases the Horton-Strahler order of each vertex (and hence of each branch)
by unity; in particular

(4) N[T] = Ne 1 [R(T)], k=2,

(5) Nij[T] = Nie1j1 [R(T)], 2<i<]j.
Consider measure p% induced on Hy by the pruning operator:
pp(A) = prr (R7H(A)) VA< H.

The Tokunaga coefficients computed on Hy using the induced measure p% are denoted by
T[K]. Formally,

Nis1jm[K + 1]
Nj[K +1]

(6) TR[K] = Tir K +1] =

Definition 7 (Mean prune-invariance). A set of measures {jx}x>1 on {Hx} k=1 is called
mean prune-invariant if T; ;[K] = TE[K] (equivalently, T; ;[ K] = Tip1 541 [K + 1]), for any
K>2andall1 <i < j < K. A measure  on T is called mean prune-invariant if the
respective conditional measures {px}, as in Eq. (2), are mean prune-invariant.

Definition 8 (Mean self-similarity). A probability measures p on 7T is called mean self-
similar with respect to pruning R if it is coordinated and mean prune-invariant.

Proposition 1. Definitions 6 and 8 of mean self-similarity are equivalent.

This equivalence was proven in [11]. Tts validity is readily seen from the diagram of Fig. 3a,
which shows relations among the quantities 7; ;[ K|, T; ;[ K + 1], and T4 j4+1[ K + 1] involved
in the definitions of coordination, prune-invariance, and Toeplitz property. Moreover, we
observe that if any two of these properties hold, the third also holds. The Venn diagram of
Fig. 3b illustrates the relation among mean coordination, mean prune-invariance, Toeplitz
property and mean self-similarity in the space 7. In this work, we refer to the mean self-
similarity with respect to pruning R simply as mean self-similarity.

A variety of mean self-similar measures can be constructed for an arbitrary sequence of
Tokunaga coefficients T}, > 0, k > 1. Next, we give a natural example [11].
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T;,lK]

%

T K+1] = TuplK+1] self-similarity

/ A\

(a) (b)

FI1GURE 3. Relations among mean coordination, mean prune-invariance, and
Toeplitz property. (a) Pairwise equalities among the quantities T;;[K],
T; ;| K + 1], and Tj4q j41[K + 1] involved in the definitions of mean coordi-
nation, mean prune-invariance, and Toeplitz property. (b) Venn diagram of
the space T illustrating the relation among mean coordination (left trian-
gle), mean prune-invariance (right triangle), and Toeplitz property (bottom
triangle). The mean self-similarity (inner dark triangle) is formed by the in-
tersection of any pair of the three properties.

3.2. Example of a mean self-similar measure: Independent random attachment.
The subspace H1, which consists of a single-leaf tree, possesses a trivial unity mass measure.
To construct a random tree from Ho, we select a discrete probability distribution P o(n),
n=0,1,..., with the mean value T;. A random tree T € H, is obtained from the single-leaf
tree 71 of order 1 via the following two operations. First, we attach two offspring vertices to
the leaf of 7;. This creates a tree of order 2 with no Side—blramches~ — one internal vertex of
degree 3, two leaves, and the root. Second, we draw the number N; o from the distribution
P 5, and attach N1,2 vertices to this tree so that they form side-branches of order {1, 2}.

In general, to construct a random tree T' € Hx of order K > 2 we select a set of discrete
probability distributions Py x(n), k = 1, ..., K —1, on Z, with the respective mean values T}.
A random tree T' € H is constructed by adding branches of order 1 (leaves) to a random
tree 7 € Hi_1. First, we add two new child vertices to every leaf of 7 hence producing a tree
T of order K with no side-branches of order 1. Second, for each branch b of order 2 < j < K
in T we draw a random number N ;(b) from the distribution P;_; g and attach N, ;(b) new
child vertices to this branch so that they form side-branches of order {1, j}. Each new vertex
is attached in a random order with respect to the existing side-branches. Specifically, we
notice that m > 0 side-branches attached to a branch of order j are uniquely associated
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with m + 1 edges within this branch. The attachment of the new Nm(b) vertices among the
m + 1 edges is given by the equiprobable multinomial distribution with m + 1 categories and
Nl,j (b) trials.

The procedure described above generates a set of measures {px} k=1 on {Hg}x>1 that are
mean coordinated by construction (recall that the mean values T}, of the distributions Py
are independent of K).

Furthermore, observe that

N;
Nij =D, Nijoiva(b),
b;=1

(7) NijlK] = Ex(Nij) = Ex (Ex(Nij|N;)) = Ex(N; Tj-)
= T Ex(N;) = T NG (K],

and hence T, ;[K] = N;;[K]/N;[K] = T;—;, so the tree is mean self-similar, according to
Def. 6.

Remark 2. The properties introduced in this section — mean coordination, mean prune-
invariance, Toeplitz, and mean self-similarity — are completely specified by a set of conditional
measures {ux}, and are independent of the randomization probabilities px = u(Hg), see

Eq. (2).

Remark 3. The idea of relating tree mean self-similarity (Def. 8) to mean prune-invariance
(Def. 7) is quite intuitive (see also [4]). Much less so is the requirement of mean coordi-
nation of conditional measures (Def. 4), included in the definition of mean self-similarity.
This requirement is motivated by our goal to bridge the measure-theoretic definition of
self-similarity via the pruning operation (Def. 8) to a statistical definition via the branch
counting (Def. 6). In applications, when a handful of trees of different orders is observed,
the coordination assumption allows one to estimate the Tokunaga coefficients T; ; and make
inference regarding the Toeplitz property; see [20, 19, 6, 29]. The absence of coordination,
at the same time, opens a possibility of having a variety of prune-invariant measures with no
Toeplitz constraint, which are hardly treatable in applications. To construct a simplest such
measure, let select any tree Ty from the pre-image of the only tree 77 € H; of order K =1
under the pruning operation: Tp € R™Y(T}) € Hs. In a similar fashion, select any tree T,
from the pre-image of Tx for K > 2. This gives us a collection of trees T € Hy, K > 1 such
that R(Tkx.1) = Tk. Assign the full measure on Hy to Tk: ux(Tx) = 1. By construction,
the measures {ux} are mean prune-invariant. They, however, may satisfy neither the mean
coordination nor the Toeplitz property. This construction illustrates how one can produce
rather obscure collections of trees that are mean prune-invariant, providing a motivation for
the coordination requirement adopted in this work.

3.3. Self-similarity of a combinatorial tree. This section introduces a distribution-based
approach to self-similarity.

Definition 9 (Prune-invariance). Consider a probability measure p on 7 such that u(¢) =
0. Let v(T) = poR™(T) = p(R(T)). (Note that v(¢) > 0.) Measure . is called invariant
with respect to the pruning operation (prune-invariant) if for any tree 7' € T we have

(8) v(T'[T # ¢) = u(T).
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Proposition 2. Let  be a prune-invariant measure on T. Then the distribution of orders,
pi = wW(Hrg), is geometric:

(9) p=p(l-p)"7", K=>1,

where p = py = u(H1), and for any T € Hy

(10) i1 (R7T)) = (7).

Proof. Pruning R is a shift operator on the sequence of subspaces {Hy}:
(11) R MY Hyg 1) = Hg, K =2.

The only tree eliminated by pruning is the tree of order 1: {7 : R(7) = ¢} = H;. This allows
to rewrite (8) for any T' # ¢ as

(12) p(R7UT)) = (1) (1= p(Ha)).-
Combining (11) and (12) we find for any K >

2
(13) (M) P (R 1)) P2 (1= (M) (M),

which establishes (9). Next, for any tree T' € Hy we have
() = p(Ha) (1= p(H) "™ (7)),

p(RTUT)) = p(Ha) (1= p(H2)™ e (R7HT))
Together with (12) this implies (10). O

Proposition 2 shows that a prune-invariant measure p is completely specified by its con-
ditional measures px and the mass p = p(#H;) of the tree of order K = 1. The same result
was obtained for Galton-Watson trees in [4, Thm. 3.5].

Next, we introduce a distributional analog of the mean coordination property; see Def. 4
and Remark 3. Specifically, we assume that a complete subtree Tk of a given order K
randomly selected from a random tree Ty of order H > K has a common distribution
independent of H. Since a tree Tk of order K has only one complete subtree of order
K, which coincides with T, this common distribution must be px. Formally, consider
the following process of selecting a uniform random complete subtree subtreex y of order K
from a random tree Ty € Hpy. First, select a random tree Ty according to the conditional
measure pg. Label all complete subtrees of order K in Ty in order of proper labeling of
Sect. 2.2, and select a uniform random subtree, which we denote subtreeg ;. By construction,
subtreer iy € Hx; we denote the corresponding sampling measure on Hy by pfl.

Definition 10 (Coordination). A set of measures {jx}x>1 on {Hx}x=1 is called coordi-
nated if pf(T) = py(T) for any K > 1, H > K, and T € Hy. A measure pu on 7 is called
coordinated if the respective conditional measures {ux}, as in Eq. (2), are coordinated.

Example 1. The space of finite binary Galton-Watson trees has the coordination property.
Recall that a random binary Galton-Watson tree starts with a single progenitor (root) and
increases its depth in discrete steps: at every step each existing vertex can either split in two
with probability ps or become a leaf (disappear) with probability pg = 1 — po. We denote
the resulting tree distribution on 7" by GW(po, p2). This Markovian generation mechanism
creates complete subtrees of the same structure, independently of the tree order. This implies
coordination.
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Definition 11 (Combinatorial self-similarity). A probability measure p on 7 is called
(combinatorially) self-similar with respect to pruning R if it is coordinated and prune-
invariant.

In this work, we refer to combinatorial self-similarity with respect to pruning R simply
as combinatorial self-similarity. It was established in [4] that critical binary Galton-Watson
trees GW(1/2,1/2) are prune-invariant. Together with coordination (see Example 1), this
implies combinatorial self-similarity. It also has been shown in [4] that non-critical binary
Galton-Watson trees (py # 1/2) are not prune-invariant. This gives an example of coordi-
nated measures that are not prune-invariant. Prune-invariant measures with no coordination
can be easily constructed following the approach of Remark 3. To make that construction
consistent with the definition of distributional prune-invariance (Def. 9), each tree T € Hy
must be assigned the probability pyx = p(1 — p)K~1.

3.4. Horton law in self-similar trees. We say that a random tree T satisfies a strong
Horton law if the respective sequence N[ K] of branch numbers decays in geometric fashion
as k increases. Formally, we require

. Ni[K]
(14) pvaTY

Horton law and its ramifications, which epitomize scale-invariance of dendritic hierarchical
structures, are indispensable in hydrology (e.g., [23, 20, 6]) and have been reported in biology
and other areas; see [19, 13] and references therein. It has been shown in [12] that the tree
that describes a trajectory Kingman’s coalescent process with N particles obeys a weaker
version of Horton law as N — oo, and that the first pruning of this tree for any finite NV is
equivalent to a level set tree of a white noise (see Sect. 4 for definitions).

A necessary and sufficient condition for the strong Horton law in a mean self-similar tree
has been established in [11]:

— R'"* for any k > 1.

. 1/k
limsup7,’" < o0.
k—o0

The Horton exponent R in this case is given by R = 1/wg, where wy is the only real root of

0
t(z) = —1—|—2z—|—szTk
k=1

within the interval (0,1/2]. Informally, this means that any mean self-similar tree with a
“tamed” sequence of Tokunaga coefficients satisfies the strong Horton law.

3.5. Self-similarity of a tree with edge lengths. Consider a tree T' € £ with edge
lengths given by a positive vector Ip = (1, ...,lxr) and let LENGTH(T') = ). ;. We assume
that the edges are labeled in a proper way as described in Sect. 2.2. A tree is completely
specified by its combinatorial shape SHAPE(T') and edge length vector l7. The edge length
vector I can be specified by distribution x(-) of a point xy = (21, ..., zxr) on the simplex
>,%i = 1,0 < z; <1, and conditional distribution F(-|zr) of the tree length LENGTH(T),
where

lp = xp x LENGTH(T).
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A measure 1 on L is a joint distribution of tree’s combinatorial shape and its edge lengths;
it has the following component measures.

Combinatorial shape : u(7) = Law (SHAPE(T) = 1),

Relative edge lengths :  x,(Z) = Law (x7 = Z | SHAPE(T) = 7),

Total tree length :  F; z(¢) = Law (LENGTH(T) = ¢ |zr = &, SHAPE(T) = 7).
The definition of self-similarity for a tree with edge lengths builds on its analog for combi-
natorial trees in Sect. 3.3. The combinatorial notions of coordination (Def. 10) and prune-
invariance (Def. 9), which we refer to as coordination and prune-invariance in shapes, are
complemented with analogous properties in edge lengths. Formally, we denote by uf(7),
x¥(z), and F}%(¢) the component measures for a uniform complete subtree subtreer ;7. (No-
tice that the subtree order K is completely specified by the tree shape 7, which explains the
absence of subscript K in the component measures for subtree length). We also consider the
distribution of edge lengths after pruning:

Z.(z) = Law (zg(r) = | SHAPE(R(T)) = 7)
and
®,7(¢) = Law (LENGTH(R(T)) = ¢ | zr(r) = T, SHAPE(R(T)) = 7).

Finally, we adopt here the notation Hg for a subspace of trees of order K > 1 from £, and
consider conditional measures g (1) = p(r|k(7) = K), K = 1, for a tree 7 € L.
Definition 12 (Self-similarity of a tree with edge lengths). We call a measure 1 on
L self-similar with respect to pruning R if the following conditions hold

(i) The measure is coordinated in shapes. This means that for every K > 1 and every
H > K we have

,ug(T) = ug(T) V1 e Hg.

(ii) The measure is coordinated in lengths. This means that for every K > 1, H > K,
and 7 € Hg we have

(7)) = x+(2) T-as.,
and for every given z,
FI(0) = Fz(0)  l-as.

(iii) The measure is prune-invariant in shapes. This means that for v = poR™! we have
p(r) = v(rlr # ¢).
(iv) The measure is prune-invariant in lengths. This means that
=,(@) = x.(@)

and there exists a scaling exponent ¢ > 0 such that for any combinatorial tree 7 € T
we have

¢
(I)‘rig = 71F‘I’{i -] -
0 =¢ (C)

In this work, we refer to self-similarity with respect to pruning R simply as self-similarity.
Section 5 below introduces a rich class of measures that satisfy this definition.
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4. TREE REPRESENTATION OF CONTINUOUS FUNCTIONS

We review here the results of [15, 18, 21, 28] on tree representation of continuous functions.
This allows us to apply the self-similarity concepts to time series and motivates discussion
in Sects. 5.6, 5.7 below.

4.1. Harris path. For any embedded tree T' € Lj.ne With edge lengths, the Harris path is
defined as a piece-wise linear function [9, 21|

Hp(t) - [0,2-LENGTH(T)] - R
that equals the distance from the root traveled along the tree T" in the depth-first search, as

illustrated in Fig. 4. For a tree T with n leaves, the Harris path Hrp(t) is a piece-wise linear
positive excursion that consists of 2n linear segments with alternating slopes +1 [21].

(a) Tree T (b) Harris path H

FIGURE 4. (a) Tree T and its depth-first search illustrated by dashed arrows.
(b) Harris path Hp(t) for the tree T of panel (a).

4.2. Level set tree. Consider a continuous function X;, t € [a,b] with a finite number of
distinct local minima. The level set £,, (X;) is defined as the pre-image of the function values
above a:

Lo(X)={t: X,>al).

The level set L, for each « is a union of non-overlapping intervals; we write |L,| for their
number. Notice that |£,| = |£s| as soon as the interval [a, 5] does not contain a value of
local extrema of X; and 0 < |£,| < n, where n is the number of the local maxima of Xj.
The level set tree LEVEL(X}) € Lpane 1s a tree that describes the topology of the level sets
L, as a function of threshold «, as illustrated in Fig. 5. Specifically, there are bijections
between (i) the leaves of LEVEL(X;) and the local maxima of X;, (ii) the internal (parental)
vertices of LEVEL(X;) and the local minima of X; (excluding possible local minima at the
boundary points), and (iii) the pair of subtrees of LEVEL(X;) rooted at the parental ver-
tex that corresponds to a local minima X+ and the first positive excursions (or meanders
bounded by ¢t = a or t = b) of X; — X;» to right and left of ¢*. Every edge in the tree is
assigned a length equal the difference of the values of X; at the local extrema that correspond
to the vertices adjacent to this edge according to the bijections (i) and (ii) above. The lowest
internal local minimum (achieved for a < ¢t < b) corresponds to the first descendant of the
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(a) Function X, (b) Tree LEVEL(X)

FIGURE 5. Function X; (panel a) with a finite number of local extrema and
its level-set tree LEVEL(X) (panel b).

root, see Fig. 5. If the global minimum is achieved on the interval boundary (¢t = a or ¢t = b),
then it corresponds to the tree root; otherwise, we artificially add a root to the tree, with
an arbitrary root edge length; this situation is illustrated in Fig. 5.

By construction, the level-set tree LEVEL(X}) is completely determined by the sequence of
the values of local extrema of X, and is independent of timing of those extrema, as soon as
their order is preserved. This means, for instance, that if ¢g(¢) is a continuous and monotone
increasing function on [a, b], then the following trees are equivalent:

LEVEL(X;) = LEVEL (X)) -

Hence, without loss of generality we can focus on the level set trees of continuous functions
with alternating slopes 1. By £ we denote the space of all positive piece-wise linear
continuous finite excursions with alternating slopes +1.

By construction, the level set tree of an excursion from £ and Harris path are reciprocal
to each other as described in the following statement.

Proposition 3 (Reciprocity of Harris path and level set tree). The Harris path
H : Lpane — E and the level set tree LEVEL : £ — Lyane are reciprocal to each other.
This means that for any T € Lpane we have LEVEL(Hyp(t)) = T, and for any Y, € £ we
have Hypi(v)(t) = Ys.

4.3. Pruning for positive excursions. This section examines level set tree and the respec-
tive pruning for a positive continuous excursion X; on [a, b]. Formally, consider a continuous
function X; with a finite number of local minima and such that X, = X, = 0 and X; > 0

for a« < t < b. Furthermore, consider excursion Xt(l) , t € [a,b], obtained by a linear in-

terpolation of the boundary values and the local minima of X;; as well as functions Xt(m),

t € [a,b], for m > 1, obtained by taking the local minima of X, iteratively m times, and
linearly interpolating their values together with X, = X, = 0 (see Fig. 6a).

In the space of level set trees of continuous functions, the pruning R corresponds to
coarsening the respective function by removing (smoothing) its local maxima, as illustrated
in Fig. 6. An iterative pruning corresponds to iterative transition to the local minima.



16 YEVGENIY KOVCHEGOV AND ILYA ZALIAPIN

a b Time, ¢

(a) (b)

FIGURE 6. Pruning of a positive excursion: transition to the local minima of
an excursion X, corresponds to pruning of the corresponding level set tree. (a)
An original excursion X, (gray line) and linearly interpolated sequence Xt(l) of
the respective local minima (black line). (b) The level set tree LEVEL(Xt(l)) of
the local minima sequence (black lines) is obtained by pruning of the level set
tree LEVEL(X}) of the original excursion (whole tree). The pruned edges are
shown in gray — each of them corresponds to a local maximum of the original
excursion.

Proposition 4 (Pruning for positive excursions, [28]). Using the definitions of this
section, the transition from a positive excursion X; to the respective excursion Xt(l) of its
local minima corresponds to pruning of the level-set tree LEVEL(X,). This is illustrated in a
diagram of Fig. 7. Formally,

LEVEL (Xt(m)) = R™ (LEVEL(X;)),Vm > 1.

It is straightforward to formulate an analog of Prop. 4 without the excursion assumption
(for continuous functions with a finite number of local minima). This, however, involves
technicalities that are tangential to the essence of this work and will be discussed elsewhere.

[.OCéll minima X(]) LOC’dl minima (2) LOCH] minima
X _—
t t

i

Level set tree
Level set tree
Level set tree

Pruning, R Pruning, R Pruning, R

LEVEL(X}")

LEVEL(X)) LEVEL(X}")

FIGURE 7. Transition to the local minima of a function X; corresponds to
pruning R of the corresponding level set tree LEVEL(X}).
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4.4. Self-similarity for time series. Consider a time series Xy, k € Z, with an atomless
distribution of values at each k. Let X, t € R, be a continuous function of linearly interpo-
lated values of X;. We define a positive excursion of X as a fragment of the time series on
an interval [[,r], [,r € Z such that X; > X, and X} > X, for all [ < k < r. To each positive
excursion of Xy on [, 7] corresponds a positive excursion of X; on [l, 7], where 7 € (r—1,r] is
such that X; = X;. This construction is illustrated in Fig. 8. The level set tree of a positive
excursion of X} is that of the corresponding positive excursion of Xj.

[} [

~

[ r-1 r r Time, ¢

FIGURE 8. Excursion of a time series: illustration. The values of time series
X}, are shown by circles; the circles that form the excursion on [/, r] are filled.
The linear interpolation function X; is shown by solid line; the excursion of
X; on [I,7] is shown in bold.

Proposition 4 and a comment after it suggest that the problem of finding self-similar trees
with edge lengths is equivalent to finding extreme-invariant processes

(15) X, L CX,S) for some ¢ > 0,

where Xy, k € Z, is a time series with an atomless value distribution at every k and X 121) is
the corresponding time series of local minima. If X} satisfies (15), the level set tree of an
excursion from X, considered as an element of L, is self-similar according to Def. 12. The
next section describes a solution to (15) that corresponds to ¢ = 2.

4.5. Self-similarity for random walks on R. Consider a random walk {Xj}rez with a
homogeneous transition kernel p(x,y) = p(x —y), for any x,y € R, where p(z) is an atomless

density function. A homogeneous random walk is called symmetric if p(x) = p(—z) for all
z e R.

Lemma 1 (Pruning for random walks, [28]). The following statements hold.

a: The local minima of a homogeneous random walk { Xy }rez form a homogeneous ran-
dom walk (with a different transition kernel in general).

b: The local minima of a symmetric homogeneous random walk {Xy}rez form a sym-
metric homogeneous random walk (with a different transition kernel in general).

The transition kernel of a symmetric random walk can be represented as the even part of
a probability density function f(x) with support in R:
f(x) + f(=2)

p(:l?) = f
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The following result describes the solution of the problem (15) in terms of the characteristic
function of f(x).

Proposition 5 (Self-similarity for a symmetric homogeneous random walk, [28]).
The local minima of a symmetric homogeneous random walk { Xy} ez with a transition kernel
p(z) = w form a symmetric homogeneous random walk with a transition kernel

PV (@) = ¢ p(x/C), >0

if and only if ( =2 and
2

~

f(s)

~

2—f(s)
where f(s) is the characteristic function of f(x) and R[z] stays for the real part of z € C.

(16) ®|fl2s)| =

b

A solution to (16) is given for example by an exponential density f(x) = ¢)(z) of (18)
for any A > 0; a detailed discussion of exponential kernels is given in Sect. 4.6. A weaker,
mean self-similarity of Defs. 6, 8 is satisfied in any symmetric random walk, as discussed in
the following statement.

Theorem 1 (Mean self-similarity of a symmetric homogeneous random walk, [28]).
The combinatorial level set tree T = SHAPE (LEVEL(X,)) of a finite symmetric homogeneous
random walk Xy with k = 1,..., N is mean self-similar. Specifically, for a uniform random
complete subtree subtreeg ty < T of order K < k(T) the numbers Ti(;-) of sitde-branches
of order i that merge the r-th branch of order j, with 2 < j < K, in subtreeg (1) are
independent identically distributed random variables. If 7;; is a random variable such that

(r)
Tij

(17) E,j =E [Ti,j] = 2j_i_1 = 7}_2

d
= TiJ, then

Moreover, by the strong law of large numbers k(T) “3 o0 as N — o, and for any 1 <i < j
we have the empirical average

1
T@j = F Z 7'1(;) E’ Tj_i = 2j_i_1 as N — 00,
J r=1
where Nj is the number of side-branches of order j, and Ti,j can be computed over the entire
T (weletT,;; =0 when N; =0).

4.6. Exponential random walks. We call a homogeneous random walk ezponential if its
kernel is a mixture of exponential jumps constructed as follows

p(l’) :p¢)\u<x)+(1_p> ¢)\d(_x)7 O<P< 17 )‘ua)‘d>07
where ¢, is the exponential density with parameter A > 0,

{)\em if v >0,

(18) R if £ < 0.

We refer to an exponential random walk by its parameter triplet {p, A,, A¢}. Each exponential
random walk with parameters {p, Ay, A\q} corresponds to a piece-wise linear function from
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E(R) whose rises and falls have independent exponential lengths with parameters (1 — p)A,
and p)g, respectively. An exponential random walk is symmetric if and only if p = 1/2 and

Ay = A

Theorem 2 (Self-similarity of exponential random walks, [28]). Let X; be an expo-
nential random walk with parameters {p, \y, \a}. Then

a: The local minima of X; form a exponential random walk with parameters {p*, N5, A5}
such that

* P >‘d

19 = ,

(19) P pAa+ (1—p) A\

b: The exponential walk X, satisfies the self-similarity (15) if and only if it is symmet-
ric, that is if p = 1/2 and A\, = Aq4.

c: The self-similarity (15) is achieved after the first pruning, for the chain Xt(l) of the
local minima, if and only if the walk’s increments have zero mean, p Ag = (1 — p) Ay.

Xj=pAa, and X, = (1—p)A,.

Recall that GW(po, p2) denotes the space of binary Galton-Watson trees with termination
probability py and split probability ps (see Example 1).

Definition 13 (Exponential binary Galton-Watson tree, [21]). We say that a random
embedded binary tree T € Lpane 1s an exponential binary Galton-Watson tree GW (X', ), for
0 < N < A\, if SHAPE(T) is a binary Galton-Watson tree GW(py, p2) with

A+ N A=
bo = 2\ ) b2 = 2\ )
and given SHAPE(T), the edges of T" are sampled as independent exponential random vari-
ables with parameter 2\, i.e., with density ¢o) ().

A connection between exponential random walks and Galton-Watson trees is given by the
following well known result.

Theorem 3. [21, Lemma 7.3|,[15, 18] Consider a random excursion Y; in E. The level
set tree LEVEL(Y;) is an exponential binary Galton-Watson tree GW (N, \) if and only if
the rises and falls of Y;, excluding the last fall, are distributed as independent exponential
random variables with parameters (A + X') and (A — '), respectively, for some 0 < X' < A.
Equivalently, the level set tree of a homogeneous random walk is a binary Galton- Watson
tree GW(XN', ) if and only if Yy, as an element of £, corresponds to an excursion of an
exponential walk with parameters {p, Ay, Ay} such that (1 — p)A, = X+ X and pAg = X — .

We emphasize the following direct consequence of Thms. 2(a) and 3.

Corollary 1. Consider a critical binary Galton-Watson tree with independent exponential
lengths, T'= GW(0,~). The following statements hold:

a: The Harris path of R¥(T) for any 0 < k < k(T) corresponds to a positive excur-
sion of a symmetric exponential random walk with parameters {%, 21=Fy, 21_’“7}, or,
equivalently, R*(T) = GW (0, 2_’“7).

b: The length of any branch of order j = 1 in T has exponential distribution with
parameter 2277 . The lengths of branches (of all orders) are independent.
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5. HIERARCHICAL BRANCHING PROCESS

The results of previous section concern a very narrow class of mean self-similar trees —
those with T, = 2%~!. Among such trees, the self-similarity is established only for the
critical binary Galton-Watson tree GW(0,~) with independent exponential edge lengths,
i.e., continuous parameter Galton-Watson binary branching Markov processes; this case
corresponds to the scaling exponent ( = 2. Here we construct a branching process that
generates self-similar trees for an arbitrary sequence Ty > 0 and for any ¢ > 0; it includes
the critical binary Galton-Watson tree as a special case.

5.1. Definition and main properties. Consider a probability mass function {px}r=1, a
sequence {T}}r>1 of nonnegative Tokunaga coefficients, and a sequence {\;},;>1 of positive
termination rates. A multi-type branching process S(t) starts with a root branch of Horton-
Strahler order K > 1 with probability px. Every branch of order j < K produces offspring of
order 7 < j with rate A\;7;_;. A branch of order j terminates with rate \;. After termination,
a branch of order j > 2 splits into two branches of order j — 1. A branch of order j = 1
terminates without leaving offspring. The branching history of S(¢) creates a random binary
tree T[S] in the space L of binary trees with edge lengths and no planar embedding. The
process is uniquely specified by the triplet

S(t) = ({T}, {5} {pxc}) -
Proposition 6 (Side-branching in hierarchical branching process). Consider a hi-
erarchical branching process S(t) = ({Ti},{\;},{px}). For any branch b < T[S] of order
K +1>=2, let my := m;(b) = 0 be the number of its side branches of order i = 1,..., K,
and m = m(b) = my + --- + mg be the total number of the side branches. Let l; := 1;(b)
be the lengths of m + 1 edges within b, counted sequentially from the initial vertex, and
L:=1(0b) =1 + -+ L1 be the total branch length. Then the following statements hold:
(1) The total numbers m(b) of side branches within different branches of order K + 1 are
1.%.d. random variables with a common geometric distribution:
1
) 1+T + -+ Tg’
(2) The number m; of side branches of order i has geometric distribution:
)
(

(20 Pim=k)=q(l—¢q)" with q= k=0,1,....

1
1+ Tgoir

3) Conditioned on the total number m of side branches, the distribution of {m;} is
multinomial with m trials and success probabilities

(21 P(mi = /@) =q(1—¢q)" with ¢ = k=0,1,....

. . Tk—iv1
22 P(side branch has order i) = —————.
(22) ( )=
The side branch order vector k = (kq,...,ky), where the side branches are labeled
sequentially starting from the initial vertex of b, is obtained from the sequence
orders = (1,...,1,2,...,2,...K,...,K)
m1 times m2 times my times
by a uniform random permutation o, of indices {1,...,m}:

k = orders o g,,.
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(4) The branch length | has exponential distribution with rate A1, independent of the
lengths of any other branch (of any order). The corresponding edge lengths l; are
i.%.d. random variables; they have a common exponential distribution with rate

(23) )\K+1(1+T1+"'+TK).

Proof. All the properties readily follow from process construction. O

Proposition 6 provides an alternative definition of the hierarchical branching process,
and its construction — via parts (1), (3), and (4) — that does not require time-dependent
simulations.

Theorem 4 (Self-similarity of hierarchical branching process). Consider a hierar-
chical branching process S(t) = ({Tk}, {\;}, {px}) and let T := T[S] be the tree generated by
S(t). The following statements hold.

(1) The combinatorial part of T is mean self-similar (according to Def. 6,8) with Toku-
naga coefficients {T}}.
(2) The combinatorial part of T is self-similar (according to Def. 11) with Tokunaga
coefficients {Ty} if and only if
pr =p(l—p)~
for some 0 <p < 1.
(3) The tree T is self-similar (according to Def. 12) with scaling exponent ¢ > 0 if and
only if
pk =p(L—p)*~" and A;=~(7
for some positive v and 0 < p < 1.

Proof. By process construction, the tree T is coordinated in shapes and lengths (according
to Def. 12), with independent complete subtrees.

(1) Proposition 6, part (3) implies that the expected value of the number Ni,j of side

J
mean self-similarity of Def. 6 with coefficients T}, immediately follows, using a conditional
argument as in (7).

(2) Assume that SHAPE (T') is self-similar. A geometric distribution of orders is then
established in Prop. 2. Inversely, a geometric distribution of orders ensures that the total
mass i (Hg), K > 1, is invariant with respect to pruning. The conditional distribution of
trees of a given order is completely specified by the side branch distribution, described in
Proposition 6, parts (1)-(3). Consider a branch of order K + 1, K > 1. Pruning decreases
the orders of this branch, and all its side branches, by unity. Pruning eliminates a random
geometric number m; of side-branches of order 1 from the branch. It acts as a thinning (with
removal probability Tk /(17 + - - - + Tk)) on the total side branch count m. Accordingly, the
total side branch count after pruning has geometric distribution with success probability

branches of order ¢+ > 1 within a branch of order 7 > ¢ is given by E <NZ]> =T, ;. The

¢~ = ! :
1+T1+...TK_1
The order assignment among the remaining side branches of orders i = 1,..., K — 1 is done

according to multinomial distribution with probabilities proportional to T ;. This coincides
with the side branch structure in the original tree, hence completing the proof of (2).
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(3) Having proven (2), it remains to prove the statement for the length structure of the
tree. Assume that T is self-similar with scaling exponent (. The branches of order j > 2
become branches of order j — 1 after pruning, which necessitates A\; = ¢ \;_;. Inversely,
pruning acts as a thinning on the side branches within a branch of order K + 1, eliminating
the side branches of order k = 1. Accordingly, the spacings between the remaining side
branches are exponentially distributed with a decreased rate

Ak1(l+Ti+ -+ T 1) =CAx(1+T1 4+ -+ Tk _1).

Comparing this with (23), and recalling the self-similarity of SHAPE (T"), we conclude that
Def. 12 is satisfied with scaling exponent (. U

5.2. Hydrodynamic limit. Here we analyze the average numbers of branches of different
orders in a hierarchical branching process, using a hydrodynamic limit. Specifically, let
nxg-n)(s) be the number of branches of order j at time s observed in n independent copies
of the process S. Let N,(s) be the number of branches of order j > 1 in the process S at

instant s > 0. We observe that, by the law of large numbers,
2" () 25 E(Ny(s)) = ().

Theorem 5 (Hydrodynamic limit for branch dynamics). Suppose that the following
conditions are satisfied:

(24) L :=limsup Tkl/k < o,
k—o0
and
(25) sup \; < o0, limsup A’ < 1/L.
Jj=1 Jj—wo

Then, for any given T > 0, the empirical process
T
#(s) = (¢ (),287(s), .. ) . se[0.7)
converges almost surely, as n — oo, to the process

x(s) = <x1(s),x2(s),...>T, s € (0,71,

that satisfies

a0
(26) © = GAx  with the initial conditions x(0) =7 := 2 PKEK,
K=1
where A = diag{\i, N, ...} is a diagonal operator with the entries A, Xs,... , €; are the

standard basis vectors, and

[ -1 Ty +2 Ty T;
0 -1 Ti+2 1

(27) G = 0 0 -1 Ti+2
0 0 0 -1
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Proof. The process x(”)(s) evolves according to the transition rates

q" (z, 2 +0) = np (lx>
n

with
AMT1 if £ = —eq,
@(x) _ Ai;lxi+1 if € =2e; —ej11,0 =1,
> NT iy il =e,i>1
j=it+1

Here the first term reflects termination of branches of order 1; the second term reflects
termination of branches of orders i +1 > 1, each of which results in creation of two branches
of order i; and the last term reflects side-branching. Thus, the infinitesimal generator of the
stochastic process (™ (s) is

L.f(x) = n\x lf (l‘ — %61) - f(@] + in)\i+1xi+l lf (33 — %eiﬂ + %61) - f(x)}

(28) 0y ( 3 nAjTjixj> [ f (x + %e> _ f(:c)] |

i=1 \j=i+1
Let
0 0 0
F(l’) = ZB@(%’) = —>\1.I'1€1 + 2 )\i+1xi+1(2€i — €i+1> + Z ( Z )\jjjjzl']) €;.
l i=1 i=1 \j=i+1

The convergence result of Kurtz ([7, Theorem 2.1, Chapter 11], [14, Theorem 8.1]) extends
(without changing the proof) to the Banach space ¢*(R) provided the same conditions are
satisfied for /1(R) as for R? in the theorem of Kurtz. Specifically, we require that for a
compact set C in *(R),

(29) 21l sup Pe(x) < o0,
¢ xe

and there exists My > 0 such that
(30) |F(z) = F(y)|1 < Mc|z —y[,,  =zyeC.

Here the condition (29) follows from

o0
Esup])\ixi] < and Zsup Z N T_i|xj| < o0,
— zeC i T€C it

which in turn follow from conditions (25). Similarly, Lipschitz conditions (30) are satisfied in
C due to conditions (25). Thus, by Kurtz (|7, Theorem 2.1, Chapter 11|, [14, Theorem 8.1]),
the process (™ (s) converges almost surely to z(s) that satisfies # = F(z), which expands
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as the following system of ordinary differential equations:

(2)(s) = —Mz1 + Xo(T1 + 2)wg + A3Thaz + ...
xh(s) = —Xoxo + A3(Th + 2)xg + MToxy + ...
(31) { :
2 (s) = =M@ + M1 (11 + 2)xp g1 + A2 ToTpqo + ...

Q0
with the initial conditions #(0) = lim 2 (0) = 7 := Y pxex by the law of large numbers.
n—w K=1

Finally, we observe that ||7||; = 1, and conditions (25) i;nply that GA is a bounded operator

in ('(R). O
5.3. Criticality and time invariance. Assume that the hydrodynamic limit z(s), and
0
hence the averages x;(s), exist. Let m = )] pxerx. Then one can consider the average
K=1

progeny of the process, that is the average number of branches of any order alive at instant
s:

’1'

C(s) = i@(s) = HeGASW

In hydrological literature, an empirical version of the process C'(s) is called the width function
of a tree T'[S].

Definition 14. A hierarchical branching process S(s) is said to be critical if and only if the
width function C(s) =1 for all s > 0.

Definition 15. A hierarchical branching process S(s) is said to be time-invariant if and
only if

(32) M =1 forall s> 0.

Proposition 7. Suppose that the hydrodynamic limit x(s) exists, and m is time-invariant.
Then the process S(s) is critical.

Proof. C(s) = [(s)l = [e®**nly =[]y = 1. -

Let #(z) = —1 42z + >,;# Ty for |z| < 1/L, where L is defined in (24). Observe that
there is a unique real root wy of £(z) within (0, 2]. We formulate our results in terms of the
Horton exponent R := wy* (e.g., [20, 11]).

o0
Proposition 8. Suppose A7 is a constant multiple of the geometric vector vy = >, R Keg.
K=1
Then the process S(s) is time-invariant.

Proof. Observe that since £ (R™') = 0 and G is a Toeplitz operator,

o0
Gv =t(w)v for v = Z wer, |w| < L.
K=1
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and

o0
Gug = f(R_l) vo=0 for vy:= Z R ey,
K=1

Hence GA7 =t (R™!) A7 = 0 and

3

S

3

I

3

_l’_
M8
=)

(GA)"m =T
!

m

Remark 4. Proposition 8 states that the condition
(33) Mepxk =bR X K>1

is sufficient for time-invariance, for any proportionality constant b > 0. This implies that a
time-invariant process can be constructed for

(i) an arbitrary sequence of Tokunaga coefficients {T}} satisfying (24) — by selecting
Ak px = bR™K;

(ii) arbitrary sequences {T}} satisfying (24) and {px} — by selecting A = b R~ p.};
(iii) arbitrary sequences {T},} satisfying (24) and {\r} — by selecting px = b R™5 A\
At the same time, arbitrary sequences { Ak}, {px} will not, in general, satisfy (33) and hence

will not correspond to a time-invariant process.

5.4. Criticality and time-invariance in a self-similar process. A convenient charac-
terization of criticality can be established for self-similar hierarchical branching processes.
Recall that by Theorem 4, part (3), a self-similar process S(s) is specified by parameters
7> 0,0 < p <1 and length self-similarity constant ¢ > 0 such that px = p(1 — p)%~! and
Aj = v (9. We refer to a self-similar process by its parameter triplet, S(s) = S, (s), and
denote the respective width function by C,, , (s). Observe that in the self-similar case the
first of the conditions (25) is equivalent to ¢ > 1, and the second is equivalent to ¢ > L.
Hence, the conditions (25) are equivalent to ( =1 v L.

Theorem 6 (Width function of a self-similar process). Consider a self-similar process
Spryc(s) with 0 <p <1, ~v>0. Suppose that (24) is satisfied and ¢ = 1v L. Then

decreases ifp>1— }%,
Cprels) {=1 ifp=1- %7
increases  ifp <1 — %.
Proof. The choice of the limits for ¢ ensures that the conditions (25) are satisfied and hence,

by Theorem 5, the hydrodynamic limit z(s) exists and the width function C, ., ¢(s) is well

defined. Now we have .

Am = ﬂ Z (C_l(l —p))KeK,
and therefore
(34) GAm =£(¢" (1 —p))Ar.
Iterating recursively, we obtain

(GAY’m = (¢ (1 = p))GA*m = #(¢7H (1 — p))E(¢2(1 — p)) A,
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and in general,
(GA)"m = (¢ (1 = p))GA™m = [H (1 — ] A"

Thus, taking z(0) =,

(35) z(s) = 7r—7r+2m| []‘[f (¢T(1—p ]Am
(0,

The width function for the given values of p € 1), v > 0 and ¢ > 1 can therefore be

expressed as

Cprc(s ix] =1+ i % [ﬁf(g—i(l —p))] i (Amw)j

o ()T e p
(36> - 1+m:1 m! [Ht(C (1_p>)] 1_<_m<1_p)

as Z (A7), = ZA% vac (1= pP Tt = A ey

Next notice that by lettlng p =1- %1 - p), we have from (36) and the uniform
convergence of the corresponding series for any fixed M > 0 and s € [0, M], that

d o / :
(37) ngmC(s) = Zt(l — P )CP’777C(S) Wlth Cp,%C(O) = Cp/7’Y7C(0) = 1.

Observe that ¢ > 1 implies p’ = p and Cp ¢(s) < Cp,¢(5). Also, observe that

<0 1fp>1—%

t(1—p) {=0 ifp=1-%
>0 ifp<l-—%

as 1 is an increasing function on [0, ) and #(1/R) = 0. This leads to the statement of the
theorem. ]

Remark 5. If ¢ = 1, equation (37) implies C},,1(s) = exp {s7{(1 — p)} and hence
exponentially decreases if p>1— R},

Cpryi(s) S =1forall s >0 ifp=1—-R1,

exponentially increases if p<1— R7%L

This case is further examined in Sect. 5.5. In general, the width function C, . ((s) may

increase sub-exponentially for p < 1 — %. For example, if there is a nonnegative integer d
such that (¥ < R, then for p =1 — % we have {(¢~%"!(1 — p)) = 0. Hence, (35) implies

that C),,¢(s) is a polynomial of degree d.

Theorem 7 (Criticality of a self-similar process). Consider a self-similar process
Sprc(s) with 0 < p < 1, v > 0. Suppose that (24) is satisfied and ( = 1 v L. Then
the following conditions are equivalent:

(i) The process is critical.
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(ii) The process is time-invariant.

(iii) The following relations hold: ( < R and p=p.:=1— %.
Proof. (i)«>(iii) is established in Theorem 6. (ii)—(i) is established in Prop 7. (iii)—(ii):
Observe that £ (¢C~'(1 — p)) = £ (R™") = 0. Time invariance now follows from (35). O

Remark 6. In a self-similar process the sequences A\ and px are geometric such that

(Thm. 4)
K
AKZM,:_;QZ_<1;;£)
Il-p\ ¢
forsome 0 <p < 1,v>0,and ( > 1v L. Hence, a time-invariant process can be constructed,
according to Prop. 8 and (33), by selecting any sequence {7}} that corresponds to

R=((1-p)
Theorem 7 states that this is the only possible way to construct a time-invariant process,
given that the process is self-similar.

5.5. A closed form solution for the case of equally distributed branch lengths.
Observe that if A = vI, then z(s) = e =P)r and C(s) = |z(s)[, = e¥*17P)s,

Consider a hierarchical branching process with A = I and z(0) = ek for a given integer
K > 1. Here the system of equation (31) is finite dimensional,

rzlc’l(s) =—x1+ (11 +2)zg + Towg + ... + Tk 17K
33,2(8) = —T2 + (Tl + 2)333 +Toxa + ...+ Tk _oxk
(38) 4 :
e 1(8) =—xxg 1+ (T1 + 2)xgk
[ 2% (5) = —Tg

with the initial conditions z(0) = e
Define a sequence (j) as

t(0) = -1, t(1) =T1 +2, and t(j) =T} for j > 2,
and let y(s) = e’x(s). Then (38) becomes

(vi(s) =t +t2)ys + ... + 1K — Dk
vals) = t(M)ys +1(2)ya + ... + HK = 2)yx
(39) 3, '
Yi—a(s) = t(Dyx—1 +H(2yx
Yi(s) = t(Dyx
(Vi (s) =0
with the initial conditions y(0) = ex. The ODEs (39) can be solved recursively in a reversed
order of equations in the system obtaining for for m =1,..., K — 1,

yeem() = D[ i)t |

B 5enes in =1
11+...+ttp=m
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Let 6o(j) = Igj—op be the Kronecker delta function. Then we arrive with the closed form
solution

s < s"
(40) Th—m(8) = € *Yx—ml(s Z (t+00) = (£ + do) ¢ (t+ Go) (m) —

v~

n times
Observe that if we randomize the orders of trees by assigning an order K to a tree with
geometric probability px = p(1 — p)%~1, then the above closed form expression (40) would
yield an expression for the width function that was observed in Remark 5 of this section:
m sn
Cs) = 22 L=p)™ (t+00) = (£ +80) x ..+ (t+ 8o) (m) —

n=1m=1

n times

= e °*+e° Z (f(l —p)+ 1)n Z—T =exp {st(l —p)}.

5.6. Critical Galton-Watson process. The critical binary Galton-Watson process plays
an important role in theory and applications because of its multiple symmetries. Burd,
Waymire and Winn [4] have shown that the following three properties are equivalent for the
binary Galton-Watson distributions GW(po,p2): (i) A distribution is prune-invariant; (ii)
A distribution is mean self-similar with E(7;;) = T;_; = 29~""!; and (iii) A distribution is
critical: pg = ps = 1/2. The Markov structure of the critical Galton-Watson trees ensures
the existence of two other special properties: (iv) Time-invariance (in discrete time): the
forest of trees, obtained by removing the edges and the vertices below depth d, has the
same frequency structure as the original space GW(1/2,1/2); and (v) The forest of trees
obtained by considering subtrees rooted at every vertex of a random tree T approximates
the frequency structure of the entire space of trees when the order of T" increases.

The next results shows that the critical binary Galton-Watson tree is a special case of the
hierarchical branching process.

Theorem 8 (Critical Galton-Watson tree). A hierarchical branching process with pa-
rameters

(41) N =722 p =275 and Tj, = 287 for any v > 0

is distributionally equivalent to the critical binary Galton-Watson tree GW(0, ) with i.i.d.
edge lengths that have a common exponential distribution with rate 2. This is a self-similar,
critical, and time-invariant process with

R=4 L=2 and (=2

Proof. Consider a tree T = GW(0,~) € L. By Corollary 1, each branch of order j in T is
exponentially distributed with parameter \; = 72277 Wthh matches the branch length dis-
tribution in the hierarchical branching process (41). Furthermore, conditioned on R*(T) # ¢
(which happens with a positive probability), we have R*(T) = GW(0,27%y). This means that
the space R*(L) of pruned trees is a linearly scaled version of the original space £ (the same
combinatorial structure, linearly scaled edge lengths). Burd et al. [4] have shown that the
total number of sub-branches within a branch of order j > 2 in T is geometrically dis-
tributed over Z, with mean Ty + -+ + Tj_; = 2971 — 1 (that is P(m) = 277 (1 — 2!=9)" for
m € Z,), where T; ; = Tj_; = 227"~ The assignment of orders among the m side-branches



RANDOM SELF-SIMILAR TREES AND A HIERARCHICAL BRANCHING PROCESS 29

is done according to the multinomial distribution with m trials and success probabilities
T,/)(Th+ -+ Tj—1),i=1,...,7 — 1. This implies that, conditioning on a particular imple-
mentation of the pruned tree R(T'), the leaves of the original tree merge into every branch
of the pruned tree as a Poisson point process with intensity v = A\;T;_;. Iterating this
pruning argument, conditioning on the particular implementation of R¥(T') = GW(0,27"y),
the branches of order i merge into any branch of the pruned tree R (T') as a Poisson point
process with intensity v2'~* = \;T;_; for every j > 4. Finally, the critical binary Galton-
Watson space has px = 27 [4]. We, hence, conclude that a GW(0, ) tree is distributionally
identical to the hierarchical branching process with parameters (41).

By Thm. 4, the process (41) is self-similar with the scaling exponent ( = 2. Criticality
and time-invariance follow from Prop. 7. ([l

5.7. Critical Tokunaga processes. We introduce here a class of processes that extends
the symmetries observed in the critical binary Galton-Watson tree with exponential edge
lengths (where ¢ = 2) to the general case of ( = 1. Specifically, consider a hierarchical
branching process ST (¢; ¢, ), which we call the critical Tokunaga branching process, with
parameters

(42) N=7 pr=2"% and Ty =(c—1)c" "' forany v > 0, ¢ > 1.

Proposition 9. The process ST™%(t; ¢, v) is a self-similar critical time invariant process. In-
dependently of the process combinatorial shape, its edge lengths are i.i.d. exponential random
variables with rate yc. In addition, we have

(z) = (1-2cz)(z—1)

Proof. Self-similarity follows from Thm. 4. Criticality and time-invariance are established in
Prop. 7. The edge lengths property follows from Prop. 6, part(4). U

,szo_l:Qc, (=L=c¢ andp,=2""
1l—cz

Remark 7. The condition T} ;44 = T = ac® ! was first introduced in hydrology by Eiji
Tokunaga [25] in a study of river networks, hence the process name. The additional constraint
a = c—1 is necessitated here by the self-similarity of tree lengths, which requires the sequence
Aj to be geometric. The sequence of the Tokunaga coefficients then also has to be geometric,
and satisfy a = ¢—1, to ensure identical distribution of the edge lengths, see Prop. 6, part(4).
Interestingly, the constraint a = ¢ — 1 appears in the Random Self-similar Network (RSN)
model introduced by Veitzer and Gupta [26], which uses a purely topological algorithm of
recursive local replacement of the network generators to generate self-similar random trees.
The importance of the constraint a = ¢ — 1 in a combinatorial situation is discussed in the
next section.

6. COMBINATORIAL CRITICAL TOKUNAGA PROCESS

This section focuses on the combinatorial structure of a tree generated by the critical
Tokunaga process (leaving aside the edge lengths). A general combinatorial reformulation
of the hierarchical branching process can be found in [13].

Consider a combinatorially self-similar (according to Def. 11) tree T' = SHAPE(T[S]) € T
generated by a hierarchical branching process S with Tokunaga sequence {7} and initial
distribution px = p(1 — p)X =1, Let random variable K be the order of the tree T, and,
conditioned on K > 1, let K,, K; be the orders of its two subtrees, T, and T}, rooted at the
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internal vertex closest to the root, randomly and uniformly permuted. We call T}, and T,
the principal subtrees of T'. Observe that the pair K, K; uniquely defines the tree order K:
. Ka Vv Kb, if Ka #* Kb,
K, +1, ifK,=K,.

Let K7 < K, be the order statistics of K, K. The joint distribution of (K7, K5) is given by
1
(43) P(K,=j,K,=m|K =k)= 1+T)+ 4Ty

k=i ifj<m=k

ifj=m=%k—-1

1+T1+"'+Tk_1

where

P(K =klK >1)=(1-p)p=

Proposition 10. Consider a critical Tokunaga process ST™%(t;¢c,~). Then, conditioned on
K > 1, the marginal order distribution of K, coincides with that of K :

(44) PKo=m|K>1)=2"=p, for m=>=1.

At the same time, the joint distribution of (K., Kp) equals the product of the marginals,
(45) P(Ko=m, Kb =7 |K>1)=P(K,=m|K>1)P(K,=j| K>1),

if and only if c = 2.

Proof. Observe that for £ > 1,

P(Ko=m | K =k)

r%.ZkP(Klz‘Y}Kz:MK:k) if m=k,
Ju<
=AP(Ky = Ky = k—1|K = k) + \P(K, = k— 1, Ky = k|K = k) ifm =k—1,
\%P(Klzm,Kzzk\KZk) ifm<k—1,
1 T1+"'+Tk_1 1_cl—k .
. - L fm =k
21+ Ty + -+ T 2 e
L+35h +1 1k -
- — etk =1
L+ T+ + T 2 ¢ nm ’
5 e = D i < k-1
\ 21+T1+"'+Tk—1 2 hm < ’

Thus,

—Dem &
P(Ko=m | K>1)=(1—-c"™)2"" ¢ ™2™+ % Z 2tk = 97m,

k=m+1

At the same time,

(c—=1)c727™ if j <m,

c m2-m

P(K, =m, szj]K>1):{

if 7 =m.

Hence, (45) holds if and only if ¢ = 2. O
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Remark 8. Proposition 10 asserts that the principal subtrees in a random critical Tokunaga
tree are dependent, except the critical Galton-Watson case. This implies that, in general,
non-overlapping subtrees within a critical Tokunaga tree are dependent. Accordingly, the
increments of the Harris path H of a critical Tokunaga process have (long-range) dependence.
The only exception is the case ¢ = 2 that was discussed in Sect. 4.6. The structure of H
is hence reminiscent of a self-similar random process [17, 22]. Establishing the correlation
structure of the Harris paths of critical Tokunaga processes is an interesting open problem
(see Sect.7).

The critical Tokunaga trees introduced in Prop. 9 have an additional important property:
the frequencies of vertex orders in a large-order tree approximate the frequencies of orders
in the entire space T. To formalize this observation, let p be the measure on T induced by
STkt c,y), ie. u(T) = P(SHAPE(T[S™]) = T'). Next, for a fixed K > 1, let pug(T) =
w(T|T € Hi). Let Vi[K] denote the number of vertices of order k € {1,..., K} in a tree

K

generated by pg, and let Vi [K] = E(V,[K]). Finally, we denote by V[K] = >, Vi[K] the
1

-
total number of non-root vertices, and notice that V[K] = 2V;[K] — 1. Thus, V[K] :=
E(V[K]) =2 [K] — 1.

Proposition 11. Let S™(¢;¢,7) be a critical Tokunaga branching process, then

: Vk[K ] 1-k
46 | =2""
(46) Koo Vi [K ]
Let T = SHAPE(T[STOk]) € Hi be a tree generated by py, and let v be a vertex selected by
uniform random drawing from the non-root vertices of T'. Then

(47) lim P(v has order k) = p, = 27",
K—0
Proof. 1t has been shown in [11] that the mean self-similar trees satisfy the strong Horton
law:
- ks[K ] 1—k
[}ll)noom—R ,foranyk:}l.
Observe now that for any 7' € Hy we have
Ny (T)
Vi(T) = ), (1+mi(T)),
i=1

where m;(T) is the number of sub-branches that merge the i-th branch of order k € {1,..., K}
in T', according to the proper branch labeling of Sect. 2.2. Proposition 6 gives

Vk[K] = Nk[K](l + 11+ + Tk,1>.
For the process S™X(t; ¢, ) this implies

- VilK]  NWEKJA 4T+ Tia) 1=k k=1 _ ol—k
Ko VK] Ko N[K] ¢
The statement (47) is an immediate consequence of (46), since

Ve[K] Vi K]

2—k

1 -

Koo VK] Kow2V[K] -1
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as V[K] = 2571, O

Proposition 11 has an immediate extension to trees with edge lengths, which we include
here for completeness. A tree T' € L can be considered a metric space with distance d(a, b)
between two points a,b € T" defined as the length of the shortest path within 7" connecting
them; see [21, Sect. 7.3] for details.

Proposition 12. Consider a random tree T = T[S™¥| € L generated by a critical Tokunaga
branching process S™%(t; c¢,~) conditioned on the order k(T) = K. Let pointu € T be sampled
from a uniform density function on the metric space T, and let r,[K]| denote the order of
the edge to which the point u belongs. Then

(48) Jim P(ru[K] = k) = p = 27k,

Proof. Proposition 9 establishes that the edge lengths in T are i.i.d. exponential random
variables. Thus we can generate T by first sampling the combinatorial tree SHAPE(T) from
Hy according to conditional measure pg(7T) = w(T|T € Hg), and then assigning i.i.d.
exponential edge lengths. Provided that we already sampled SHAPE(T), selecting the i.i.d.
edge lengths and then selecting the point u € T uniformly at random, and marking the
edge that u belongs to, is equivalent to selecting a random edge uniformly from the edges of
SHAPE(T'), in order of proper labeling of Sect. 2.2. The order r,[K] is uniquely determined
by the edge to which u belongs. The statement now follows immediately from Prop. 11. [

7. OPEN PROBLEMS

We conclude with two open problems, which refer to extending selected properties of the
critical Galton-Watson tree with independent exponential edge lengths, GW(0, ), which
is a special case of the hierarchical branding process (see Thm. 8), to a general case. Our
formulations are intentionally informal, reflecting multiplicity of possible rigorous approaches
to each of them. Here S(t) = ({T%}, {\;}, {px}) is a self-similar hierarchical branching process
with

L= limsukal/k <w, pg=p(l—p)t N =~("

k—00
for some positive 0 <p<1,v>0,and ( > 1 v L.

Open Problem 1. Describe the correlation structure of the Harris path of S(t). (The critical
binary Galton-Watson tree with independent exponential edge lengths GW(0,~y) corresponds
to a symmetric Markov chain with exponential jumps {%, 27, 27}, see Thm. 8).

Open Problem 2. FEstablish a proper infinite-tree limit of S(t), where the edge lengths go to
zero and the tree length increases to infinity, that preserves a suitably defined limit version
of the self-similarity property. Describe the respective limit Harris path processes. (The
Harris path of the critical binary Galton- Watson tree GW(0,~y) can be rescaled to converge
to excursion of the standard Brownian motion [15, 18].)
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